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Litopenaeus vannamei juveniles (5.6±0.6 g), at an initial density of 152 
individuals/m2, were grown for 28 days in 12 cylindrical 1,000-l tanks with no 
water exchange. Three tanks had 7.1 m2 Aquamats® to promote periphyton 
growth, and six had 7.1 m2 geotextile fabric or mosquito net (three for each 
substrate). The remaining three served as controls. The shrimp were fed 35% 
protein shrimp feed, twice daily, supplied on demand. There were no 
differences in dissolved TAN or unionized ammonia (NH3) concentrations 
between treatments with substrates, but they were significantly lower than in 
the control. N-NO3
- values were higher in tanks with substrates, possibly 
indicating faster nitrification rates. These tanks produced shrimp with higher 
mean individual weights and growth rates than the control, but the final yield 
in tanks with mosquito netting was intermediate between the control and the 
remaining treatments. The highest feed and economic feed conversion 
indices, and the lowest nitrogen utilization and protein efficiency ratio, were in 
the control, and there were no differences between the three treatments with 
added substrates, showing that the less expensive geotextile fabric and 
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Introduction 
The inefficient utilization of high amounts of costly feed is an important economic 
problem for intensive aquaculture. Additionally, the accumulation of food residues and 
metabolites within ponds causes degradation of sediments and water quality, requiring 
increasing rates of water exchange at additional costs (Avnimelech et al., 2008). A 
further concern is the negative image of aquaculture caused by the high nutrient content 
of pond effluents and the consequent eutrophication of receiving water bodies, which is 
raising increasing criticism of land-based intensive aquaculture (Naylor et al., 2000).  
 There are several solutions to these problems: changes in feed formulation and 
handling strategy (Gatlin and Hardy, 2002), use of closed or low-water exchange culture 
systems, coupled with different strategies of maintaining water quality (Thakur and Lin, 
2003; Crab et al., 2007). An appealing technique is the addition to ponds of submerged 
surfaces that promote the formation and growth of mixed bacteria-microalgae mats, 
loosely defined as periphyton (Milstein et al., 2005). The microorganisms in such mats 
utilize the particulate matter and dissolved nutrients for growth, helping to maintain 
water quality and serving as additional natural food for the cultured organism (Thompson 
et al., 2002; Burford et al., 2004; Avnimelech et al., 2008; Milstein et al., 2008).  
 The types of substrates suggested for this use vary from natural materials and waste 
products such as bamboo side shoots and poles or crushed sugarcane stalks (bagasse) to 
artificial structures such as used PVC tubing or polyethylene sheeting (Keshavanath et 
al., 2001; Milstein et al., 2003). Artificial substrates are also available commercially. 
Among these, Aquamats® (Meridian Applied Technology Systems, Beltsville, MD, USA) 
have shown to be effective for this use, as well as for wastewater treatment (Audelo-
Naranjo et al., 2011; Wang et al., 2011). However, in view of their relatively high cost, 
their use in commercial aquaculture is limited. In this work, we compare the 
concentrations of dissolved total ammonia nitrogen (TAN) and nitrites and the efficiency 
of waste nitrogen recycling into shrimp biomass in closed intensive experimental white 
shrimp (Litopenaeus vannamei) culture using Aquamats® or two less expensive 
substrates: a geotextile fabric and a standard green mosquito net. 
 
Materials and Methods 
Culture system and experimental design. The experiment lasted from June 18 to July 16, 
2010 (28 days), and was performed in a commercial shrimp farm close to the Urías 
Estuary, Mazatlán, Sinaloa, NW Mexico (23°25’N, 106°22’W), using Litopenaeus 
vannamei juveniles (mean wet wt 5.6±0.6 g) from the same farm. The effects of three 
substrates were determined with a completely random block experimental design in 12 
cylindrical polyethylene 1-m3 tanks. The water depth was 80 cm, water volume 0.76 m3, 
and total submerged surface 4.71 m2 (tank bottoms 0.95 m2, submerged walls 3.76 m2). 
 One week before the experiment, a 10-cm layer of untreated, homogenized sediment 
(upper 5 cm) from one of the farm’s shrimp ponds was added to each tank. The 
treatments consisted of the addition of 7.1 m2 artificial substrate, previously submerged 
in an operating shrimp pond for four weeks to allow formation of a biofilm, and arranged 
vertically about 10 cm from the tank walls. Each substrate was added to three randomly-
selected tanks. Three tanks were provided Aquamats®, three received a geotextile fabric 
(Geototal® S.A. de C.V., Mexico D.F., Mexico), and three were equipped with a standard 
green mosquito net (mesh size 1.2 x 1.2 mm, Toolcraft® S.A. de C.V., Apodaca, NL, 
Mexico). The three remaining tanks received no substrates and served as the control. 
 The initial shrimp biomass was 800 g (avg density 152 shrimp/m2). Shrimp were fed 
twice daily (07:00 and 19:00) using 35% protein formulated feed (Purina Mexico®, 
Irapuato, GTO, Mexico) supplied in feeding trays. The daily ration was adjusted according 
to consumption of the feed in the trays. Other culture procedures followed Audelo-
Naranjo et al. (2010). 
 Environmental and biological variables. Temperature and dissolved oxygen were 
recorded every day in each unit at 07:00 and 19:00 with an oxygen meter with a 
temperature sensor (YSI 57, YSI Inc., Yellow Spring, OH, USA). Salinity and pH were 
measured daily at 12:00 using an Atago S/Mill-E refractometer (Atago Co., Ltd., Tokyo, 
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Japan), and a Hanna HI 98150 portable pH meter (Hanna Instruments, Woonsocket, RI, 
USA), respectively. Concentrations of total dissolved ammonia (TAN), nitrites (NO2
-), and 
nitrates (NO3
-) were determined as in Strickland and Parsons (1972), using triplicate 
samples obtained weekly from each tank. The concentration of unionized ammonia (NH3) 
was calculated according to Spotte and Adams (1983). The nitrogen content (N) of the 
formulated feed and initial and final shrimp biomasses were determined by the Kjeldahl 
method. Respective protein contents were calculated as N x 6.25 (AOAC, 2005). 
 At the beginning and end of the experiment, organisms were counted and individually 
weighed. Survival (%) was calculated as 100 (Nf/Ni), where Nf and Ni are the final and 
initial no. of shrimp. The individual daily growth rate was calculated as (Wf - Wi)/t, where 
Wf and Wi are the mean final and initial wet weights and t is the duration (days) of the 
experiment. Feed conversion and economical feed conversion ratios were calculated for 
each tank as FCR = WG/FS and ECR = $FS/$SH, where WG = wet gain of shrimp 
biomass, FS = weight of feed supplied, $FS = cost of feed supplied, and $SH = market 
value of the weight gain of the harvested biomass (average 2010 prices: 48 Mexican 
pesos/kg head-on fresh shrimp, 14.2 Mexican pesos/kg formulated feed). Apparent 
nitrogen utilization and protein efficiency ratio were calculated as ANU (%) = 100(N in 
shrimp biomass/N supplied as protein) and PER = biomass yield/protein supplied. 
 Mean environmental and dissolved nutrient values were compared using repeated 
measures ANOVA tests or the equivalent Friedman’s nonparametric test when the data 
were not normal or homoscedastic (Kolmogorov-Smirnov and Bartlett’s tests). Mean final 
values were compared using one-way ANOVA or Kruskall-Wallis tests, after arcsine 
square root transformation for percentages and ratios. The values were separated with 
Tukey’s or Dunn’s multiple range tests (parametric or nonparametric tests, respectively), 
and the level of significance was p<0.05 (Zar, 1996). 
 
Results 
There were no significant differences between treatments in water temperature, salinity, 
pH, or O2 concentration, but the morning mean temperature was significantly lower than 
the mean afternoon value (Table 1). The mean dissolved TAN and unionized ammonia 
    Table 1. Water quality, growth, and feed efficiency of Litopenaeus vannamei in cultures with 
artificial substrates (*nonparametric test). 
  
  Added substrate 
 Control (none) Aquamats Geotextile fabric Mosquito net 
Morning temperature (°C)* 27.6±0.1 27.8±0.2 27.7±0.2 28.1±0.5 
Afternoon temperature (°C)* 31.0±0.3 31.0±0.2 31.2±0.2 31.2±0.2 
Salinity (‰)* 44.8±1.0 45.2±1.0 45.0±1.0 44.7±1.0 
pH* 8.2±0.1 8.1±0.1 8.2±0.1 8.1±0.2 
Morning O2 (mg/l)* 4.6±0.3 4.4±0.2 4.5±0.3 4.7±0.4 
Afternoon O2 (mg/l)* 4.7±0.3 4.4±0.1 4.4±0.2 4.4±0.3 
Total ammonia (TAN)* 1.08±0.59b 0.63±0.43a 0.61±0.57a 0.71±0.49a 
Unionized ammonia (NH3)* 0.12±0.09
b 0.07±0.08a 0.06±0.08a 0.05±0.05a 
Nitrite (NO2
-)* 0.22±0.27 0.28±0.21 0.39±0.21 0.25±0.26 
Nitrate (NO3
-) 1.74±1.25a 2.39±1.90b 2.89±2.45c 3.03±2.77c 
Final survival (%) 74.1±8.0 72.5±2.8 77.1±9.1 66.2±15.4 
Final wt (g) 8.7±0.6a 10.4±0.5b 10.4±0.2b 10.9±0.2b 
Specific growth rate (g/day) 0.11±0.02a 0.17±0.02b 0.17±0.01b 0.19±0.01b 
Final biomass (g) 923±38a 1086±84b 1157±121b 1043±170ab 
Total feed supplied (g) 297±10a 537±15b 709±25c 493±20b 
Feed conversion ratio 2.4±0.2b 1.9±0.2a 2.0±0.1a 2.0±0.1a 
Total nitrogen in feed supplied (g) 14.2±0.3a 25.6±0.7b 33.8±1.2c 23.5±1.0b 
Protein in feed supplied (g) 88.6±1.9a 160±4.6b 211±7.5c 147±6.0b 
Economic feed conversion ratio 0.72±0.08b 0.50±0.09a 0.59±0.08a 0.60±0.09a 
Apparent nitrogen utilization (%) 28.7±2.2a 36.7±2.6b 34.9±0.8b 34.7±3.0b 
Protein efficiency ratio 0.40±0.03a 0.52±0.03b 0.49±0.06b 0.49±0.06b 
Different superscripts indicate significant differences between values in the same row (one-way repeated 
measures ANOVA,  = 0.05). 
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concentrations in the treatments with added substrates were significantly lower than in 
the control. There were no differences in mean survival but mean final individual weights 
in treatments with added substrates were significantly higher than in the control. The 
nitrogen content of the shrimp feed was 4.77% (protein 29.8%), and the total amount 
supplied ranged 709-297 g in the geotextile treatment and control; the respective 
amounts of protein and nitrogen were 211.3-88.6 g and 33.8-14.2 g, respectively. The 
shrimp biomass had a mean water content of 70.8% and, on a dry weight basis, its N 
content was 11.4%.  
 
Discussion 
The availability of dissolved nitrogen favors autotrophic and heterotrophic growth of 
bacteria-microalgae communities, which are more abundant when substrates are 
available for periphyton growth. Dissolved TAN uptake, as well as nitrification by the 
mixed community on the submerged substrates, reduces the increase of toxic NH4
+, NH3, 
and NO2
- concentrations (Erler et al., 2004; Abreu et al., 2007) that can limit shrimp 
growth (Ebeling et al., 2006). Throughout the experiment, dissolved TAN levels in the 
cultures with added substrates ranged 56-67% of the mean value of the control 
treatment. The respective percentages of N-NH4 in the substrate treatments were 42-
58% of the level in the control, confirming the positive effect on water quality of 
submerged substrates (Bratvold and Browdy, 2001). The percentage of dissolved TAN 
reduction ranged 36-96%, depending on biomass, in a previous experiment with 
Aquamats (Audelo-Naranjo et al., 2010, 2011), and close to 68% in a recirculating 
shrimp culture with ex situ mixed bacterial mats for water treatment (Lezama-Cervantes 
et al., 2010).  
 The safety levels for juvenile L. vannamei are 7.1 mg/l for TAN and 0.13 mg/l for non 
ionized species (Frías-Espericueta et al., 1999). In our cultures, the only situation close 
to the safety level for N-NH3 was that of the control (mean N-NH3 0.12 mg/l), indicating 
that toxic nitrogen species could occasionally reach levels of concern only in the control. 
Throughout the experiment, nitrite levels were occasionally higher with added substrates 
than in the control cultures (not shown), which might be evidence of different rates of 
nitrifying activity. The N-NO3
- concentrations of the cultures with added substrates were 
32%, 36%, and 38% higher than those of the control, additional evidence of the high 
nitrification rates obtained by the microbial mats. High nitrification was also detected by 
Erler et al. (2004), Bender and Phillips (2004), Arnold et al. (2005), and Lezama-
Cervantes et al. (2010). That, as well as the uptake of the dissolved nitrogen species, are 
the main reasons for the beneficial effects on water quality of submerged microbial mats.  
 Final individual weights, growth rates, and final yields were higher in the cultures with 
artificial substrates than in the control in agreement with Boyd and Clay (2002), Arnold 
et al. (2006), Abreu et al. (2007), and Audelo-Naranjo et al. (2011). The lower feed and 
economic feed conversion indices, as well as the significantly higher conversion of protein 
nitrogen into harvestable biomass, indicate that the bacteria-microalgae mats increased 
efficiency of feed utilization. Thus, these mats have a double beneficial effect because 
they recycle waste products such as unused or partially digested feed and excretion 
products into bacterial and microalgal biomass, contributing to the maintenance of 
acceptable water quality, and increase the availability of natural food (Shiau, 1998; 
Yousif, 2004). 
 In conclusion, because of its autotrophic and heterotrophic activity, the periphyton 
growing on the three types of artificial substrates had beneficial effects on water quality, 
feed utilization efficiency, and shrimp growth. However, the economic feasibility of 
submerged substrates for intensive shrimp or fish culture should be determined by a 
detailed cost-benefit analysis because the economic advantages caused by the increase 
in feed and protein utilization and the better growth of the target organism might be 
offset by the cost of the artificial substrates. Since our results show that less costly 
artificial substrates have similar beneficial effects on water quality, growth, and 
production as Aquamats®, we feel we have contributed towards the establishment of a 
more eco-friendly approach to intensive aquaculture. 
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